Following human coronary artery bypass surgery, vein graft occlusion is a major cause of morbidity and mortality. An agent is required which will reduce the incidence of early graft thrombosis without causing systemic bleeding. To assess the efficacy of such agents a suitable experimental vein-graft model is required. A porcine, unilateral saphenous veincarotid artery bypass graft model has been described previously, although to assess the effect of locally applied anticoagulant drugs, insertion of grafts bilaterally would be advantageous, allowing treated and control grafts to be implanted in the same animal which would then act as its own control.
Following human coronary artery bypass surgery approximately 10% of all grafts will occlude by the end of the second postoperative week (Kirklin 1991) . A pharmacological agent is required which will reduce the incidence of early thrombotic vein-graft occlusion in these patients without causing systemic bleeding (Underwood et al. 1994) . Numerous experimental vein-graft models have previously been used to assess the effects of vein preparation techniques and therapeutic interventions on vein-graft occlusion. Previous work has shown the histological changes occurring in pig saphenous vein grafts to be similar to those occurring in human coronary artery bypass surgery (Angelini et al. 1992) . In recent Accepted 18 January 1995 reports of pig carotid and rabbit carotid models, investigators have chosen to insert grafts in a single side of the neck only and hence different animals have been used in treatment and control groups (Angelini et al. 1992 , Hagen et al. 1992 . The use of this experimental methodology to assess the effects of local intervention on veingraft occlusion has been criticized (Underwood et al. 1993) . A model in which grafts are placed bilaterally is, in theory, a better experimental model to assess the effect of a particular 'local' intervention on vein-graft occlusion since each animal will be its own control and the haemodynamic environment of the grafts (which may influence changes in graft morphology (Dobrin et al. 1989 )L should be the same providing the flow rates in each are comparable after their insertion. Pigs are reported to have an excellent collateral cerebral circulation and it has been shown that 60 min of bilateral common carotid artery occlusion has no adverse cerebral effects in awake pigs (Moss 1974) . On the basis of this, the transient interruption of carotid blood flow which would occur during the development of a porcine bilateral carotid artery vein graft model should be uneventful, and this should therefore be a useful model in which to assess the efficacy of local interventions on the development of vein graft occlusion.
Methods
A Home Office licence and local ethical committee approval were obtained for the work described in this paper. Studies were performed using 24 female, large white pigs, 10-12 weeks old and weighing 20-25 kg. All pigs were acquired from the Royal Veterinary College and were kept preoperatively for an acclimatization period of at least 7 days. They were kept in a pen house on wood shavings in accordance with Home Office guidelines. Environmental temperature was regulated at 21 0 ± 2°C and relative humidity at 55% ± 10%. Artificial lighting was provided on a cycle of 12h on and 12h off. The pigs were fed with Attlee grower pellets and tap water was available on demand via a watering nipple.
All animals underwent bilateral interposition grafting of saphenous vein (harvested from the leg) to carotid artery under general anaesthesia. One graft acted as a control whilst the other was used to investigate the effect of a monoclonal antibody-urokinase conjugate, targeted to damaged endothelium (Underwood et 01. 1992 ). Induction of anaesthesia was standardized throughout the study. Premedication with azaperone 8 mg/kg i.m. was followed 20 min later by induction with a halothane/N20/0 2 mixture. Intravenous access was secured and 20 p.g/kg of atropine administered before endotracheal intubation under deep Toner et al. halothane anaesthesia. Monitoring comprised body temperature, ECG and invasive arterial blood pressure with the facility for sampling of blood gases. On occasion end tidal capnography, pulse oximetry and inspired gas concentrations were also available using the Ohmeda Rascal II monitor. Maintenance anaesthesia for the first 7 pigs comprised neuromuscular blockade with intravenous boluses of pancuronium (0.1 mg/kg at 20-30 min intervals), intravenous increments of pethidine (initial dose 2 mg/kg up to a maximum total dose of 6 mg/kg over a 4 h period) and positive pressure ventilation with halothane 0-1.5%, nitrous oxide 66% and oxygen 33%. For the remaining 17 pigs a simplified anaesthetic maintenance technique was used in which they were allowed to breathe spontaneously on a gaseous mixture of halothane 0-2.5%, nitrous oxide 66% and oxygen 33%. The latter 16 of these pigs also underwent monitoring of cerebral function with the Lectromed cerebral function monitor. The Lectromed cerebral function monitor type 4640 (CFMl is a simple and convenient device which provides a filtered and compressed electroencephalographic signal as a single trace from a pair of parietal electrodes (Maynard et 01. 1969 ). Comparison of the CFM with the EEG has shown that it can indicate significant alterations in the functional state of the brain (Prior & Maynard 1986 ). The best position for placement of electrodes is over the sites of greatest vulnerability to a reduction in blood flow, namely the boundary zones between the territory of the anterior, middle and posterior cerebral arteries (prior & Maynard 1986 , Brierley et 01. 1980 .
Results
The first 3 experiments were uneventful. Towards the end of the fourth procedure, after insertion of the first graft and clamping of the second carotid artery prior to grafting, the pig became asystolic and died. During the next 3 procedures one pig Use of the CFMfor bilateral carotid artery surgery suffered an asystolic cardiac arrest and died during final skin closure and another which appeared to rouse at the end of the experiment was subsequently found to have a unilateral weakness and incoordination.
It was necessary to destroy this animal 2 days later.
For subsequent experiments the simplified anaesthetic technique described above was used. During the next procedure the pig became apnoeic whilst the second carotid vein graft was being inserted and 1 h later suffered an asystolic cardiac arrest and died. Post mortem examination of this pig's brain showed scattered hypoxic neurones within the pons. In none of the fatalities described had there been any abnormality of body temperature, ECG, arterial blood pressure or blood gases prior to the cardiac arrest. The weight of evidence suggested that the animals were suffering a catastrophic intraoperative neurological event which appeared to be related to clamping of the second carotid artery after the first vein graft had been implanted. For subsequent procedures intraoperative monitoring of cerebral function was employed in an attempt to further elucidate the aetiology of these deaths.
The recording for the first pig undergoing CFM monitoring showed an abrupt fall in the level of cerebral activity to 1-2/Lv immediately after a clamp was applied to the second carotid artery (Fig. 1 ). It remained at this level for more than 40 min before a gradual but only partial recovery. This animal was slow to rouse and was found dead in its pen 24 h later.
Since there had been no acute changes in anaesthetic depth, cardiovascular parameters or oxygenation it seemed likely that these changes resulted from a critical reduction in cerebral blood flow related to the bilateral carotid surgery. In a subsequent experiment, cerebral activity again dropped abruptly from a normal pattern to virtually zero when the second carotid was clamped (Fig. 2) . This was accompanied by sudden onset of apnoea and on closer inspection, the inserted graft appeared to be in spasm (Fig. 3) . Topical application of glyceryl trinitrate (GTN, a venodilator) to the inserted graft and removal of the clamp from the second carotid artery resulted in a rapid recovery of cerebral activity and this was accompanied by a return of spontaneous respiration. On 2 subsequent occasions during this experiment, application of the second carotid clamp produced lesser depression of the CFM trace which was promptly alleviated by removing it (Fig. 2) . This animal went on to make an uneventful recovery. This pattern of Discussion the trace falls below 5 J1.V should be viewed with suspicion, although the pattern of changes is more significant than the absolute values. Depression of the cerebral function monitor trace can occur as a result of various factors including increase in depth of anaesthesia, hypoxia, hypothermia and ischaemia. It does not necessarily imply irreversible damage to the brain but instead that critical limits have been reached resulting in impairment of neuronal function. At this stage there may be time to take action to prevent permanent damage (Astrup et 01. 1977 , Morawetz et 01. 1979 , Brierley et 01. 1980 .
The pattern of changes seen in the first pig to be monitored (Fig. 1) were similar to those observed by Schwartz et a1. (1973) in human subjects who suffered severe neurological damage following profound reduction in cerebral blood flow during cardiac surgery. In those patients who subsequently died it was evident that the presence and extent of infarcts of arterial boundary zone distribution were proportional to the severity and duration of the intraoperative depression of the EEG. Tracings which showed several episodes of an abrupt fall in the level of cerebral activity (i.e. reaching maximum depression within 2 min) with an incomplete recovery to the original level, or a persistently low level (1-2J1.v)sustained for more than 20 min following the acute change, were followed by death during or immediately after surgery. Lesser EEG depression, however, was compatible with a complete recovery. Experimental evidence from primates and clinical evidence from man suggests that periods of several minutes of reduced oxygen supply may elapse before permanent brain damage is sustained. Observations in patients undergoing carotid artery surgery showed that focal neurological deficits only occurred when the EEG was depressed during focal ischaemia for a period of at least 10min (Rampil et 01. 1983) . Based on this evidence it was hoped that prompt remedial action taken in response to a profound reduction in cerebral activity during the course of our experiments might profound CFM depression following clamping of the second carotid artery in the presence of spasm in first carotid vein graft was seen in many of the remaining procedures. By applying an ultrasonic flow probe [Transonic HT 107, Linton Instrumentation, Norfolk, UK) to the vein grafts in situ, it was demonstrated that a dramatic reduction in blood flow occurred during these episodes of graft spasm (Figs 4A and B) . On all of these occasions prompt action of the type described (removal of the second carotid clamp and application of GTN to the first graft), was followed by a rapid return of cerebral activity to baseline levels and an uneventful recovery.
In the adult human during stable uneventful halothane anaesthesia the CFM trace will show a steady moderate level usually in the range 5-20 J1.v. In our study, typical baseline values for halothane anaesthetized pigs were 8-10 J1.V. All episodes in which the minimum voltage of avert permanent neurological damage. Subsequent experience suggested that this was indeed the case (Fig. 2) .
In conclusion, we have found that collateral cerebral blood flow is not always sufficient to maintain adequate cerebral function when bilateral carotid flow is severely compromised in anaesthetized pigs. This finding is contrary to previous findings in conscious pigs (Moss 1974) . We can only speculate on the reasons for this discrepancy i.e. variation in cerebral vasculature in groups of pigs used in the 2 studies, effects of halothane anaesthesia on cerebral vasculature, positioning of our study animals supine with the neck extended for surgical access. Unrecognized, this may be followed by irreversible neurological damage. Future investigators will doubtless be drawn by the considerable advantages of a bilateral carotid artery vein graft model. However, the experience gained during the development of this model suggests that they will need to be vigilant for signs of graft spasm and if necessary apply topical GTN. In the authors experience the use of the cerebral function monitor during insertion of bilateral carotid grafts in these animals allowed any deterioration of cerebral function to be recognized early and provided the opportunity to take remedial action. This simple addition resulted in the development of a reliable bilateral carotid vein graft model in which to assess the effect of local interventions on subsequent vein graft occlusion.
